Poly(vinylidene fluoride-trifluoethylene), P(VDF-TrFE), electrospun membranes were obtained from a mixture of dimethylformamide (DMF) and methylethylketone (MEK) solvents. The inclusion of MEK to the solvent system promotes a faster solvent evaporation allowing complete polymer crystallization during the jet travelling between the tip and the grounded collector.
Introduction
There are a variety of processing techniques used to process micro and nanofibers, such as drawing, template synthesis, wet spinning or phase separation. Most of these methods show important disadvantages as some processes are not scalable, are specific for a few number of polymers or there is no control over the fiber diameter or orientation [1] . Electrospinning has demonstrated to be a unique method for the processing of sub-micron or even nanofibers from a polymer melt or solution, suitable for a broad set of polymer materials [1] . Electrospun fibers are intensively investigated due to their biomedical and tissue engineering applications (scaffolds, membranes, sutures, controlled release systems, etc.) [2] and for energy harvesting devices [3] , among others. one of the key features for tailoring membranes for specific applications. In the present work a novel route to process P(VDF-TrFE) by electrospinning was developed and a systematic study of the influence of the main electrospinning parameters such as applied voltage, needle inner diameter and solution flow rate on fiber morphology and distribution is presented. The suitability of the developed membranes for biomedical applications is proven by cell viability studies with osteoblast-like MC3T3-E1 cells.
Experimental
Materials: Poly(vinylidene fluoride trifluorethylene), P(VDF-TrFE), 70/30 was purchased from Solvay (Belgium) and dissolved in a mixture of solvents of N,N-dimethylformamide (DMF, from Merck) and methylethylketone (MEK, from Panreac) (3.5/6.5 vol/vol) to achieve a polymer concentration of 15 wt% in the final solution. The polymer solution was dissolved at room temperature with the help of a magnetic stirrer until complete polymer dissolution.
Electrospinning:
The polymer solution was placed in a commercial plastic syringe (10 ml) fitted with a steel needle with 500 µm of inner diameter. Electrospinning was conducted in the range between 15 and 35 kV with a high voltage power supply from Glassman (model PS/FC30P04). A syringe pump (from Syringepump) was used to feed the polymer solutions into the needle tip at a rate between 0.2 and 4 ml.h -1 . The electrospun fibers were collected in grounded collecting plates (random fibers) placed at a distance between 10 and 20 cm from the needle.
Characterization: Electrospun fibers were coated with a thin gold layer using a sputter coating (Polaron, model SC502) and their morphology was analyzed using a scanning electron microscope (SEM) (Cambridge, Leica) with an accelerating voltage of 15 kV. The nanofiber average diameter and distribution was calculated over approximately 40 fibers using de SEM images at 2000X magnification and the Image J software.
Infrared measurements (FTIR) were performed at room temperature with a Perkin-Elmer Spectrum 100 apparatus in ATR mode from 4000 to 650 cm -1 . FTIR spectra were collected after 32 scans with a resolution of 4 cm
The thermal behavior of the electrospun fiber mats was analyzed by differential scanning calorimetry (DSC) with a Pyris from Perkin-Elmer apparatus. The samples were cut into small pieces from the middle region of the electrospun membranes, placed into 50 µl aluminum pans and heated between 30 and 220 ºC at a heating rate of 10 ºC.min -1 . All experiments were performed under a nitrogen purge.
For cell culture, circular P(VDF-TrFE) nanofiber membranes with 13 mm of diameter were prepared. For sterilization purposes, the nanofibers were immersed in 70% ethanol for 30 min several times. Then, the membranes were washed 5 times for 5 min with phosphate-buffered saline (PBS), followed by 3 times with culture medium to eliminate any residual ethanol.
MC3T3-E1 cells (Riken cell bank, Japan) were cultivated in Dulbecco's modified Eagle's medium (DMEM) 1g/L glucose (Gibco) containing 10% Fetal Bovine Serum (FBS) (Fisher) and 1%
penicillin/streptomycin (P/S).
For the study of cell viability, the osteoblast-like cells were seeded at cell density of 3×10 4 cells/well for 2 days in 24-well TC plates containing the P(VDF-TrFE) fiber membranes. For the quantification of cell viability, MTT assay (Sigma-Aldrich) was carried out.
Results and Discussion
Recent papers indicate that electrospinning of poly(vinylidene fluoride trifluorethylene) (PVDF-TrFE)
can be performed from polymer dissolution in ethylmethylketone [18, 19] . Complete dissolution of the polymer in such solvent is difficult to achieve. Thus, P(VDF-TrFE) was electrospun at room temperature after complete dissolution in dimethylformamide (DMF), one of the most used solvents for PVDF and PVDF related polymers. The polymer concentration in the solution was varied from 5 up to 20% (w/v).
The samples obtained in such conditions, independently of the needle inner diameter, distance from the tip to collector, applied voltage or flow rate presented high concentration of beads (figure 1).
Bead formation is one of the most common types of defect found in the processing of electrospun fibers [21] and occurs primarily as a result of the instability of the jet. These defects are typically related to the slow evaporation rate of the solvent during the travelling from the tip to the collector, due to the high DMF boiling point (153 ºC, table 1) [13] . In order to obtain well-formed fibers and samples without beads, a mixture of DMF and MEK solvents was used to dissolve the P(VDF-TrFE) polymer. These solvents were used due to their thermal and electrical properties: DMF (table 1) shows a high dielectric constant, being one of the most used solvents for P(VDF-TrFE). It has, on the other hand, a quite high boiling point (table 1) . MEK has lower dielectric constant when compared to DMF but its lower boiling point allows faster polymer crystallization (table   1) . The mean diameter of the P(VDF-TrFE) fibers ranges between a maximum of 518 ± 119 nm and a minimum of 424 ± 72 nm for an applied voltage of 15 and 30 kV, respectively (figure 3). Small variations are obtained but a trend to decreasing fiber diameter with increasing field can be identified due to variations on the mass flow and jet dynamics [1, 22] .
The applied voltage is the drive of the electrospinning process. The formation of thin fibers is mainly achieved by the stretching and acceleration of the jets promoted by the high electric field [16, 23] . High applied voltage will result in higher charge density on the surface of the ejected jets, thus the jet velocity increases and higher elongation forces are imposed to the jet. Consequently, it is generally reported that the diameter of the fibers becomes gradually smaller with increasing applied voltage [24] [25] [26] [27] . On the other hand, as observed in the present experiments and also in other cases reported in the literature, this result is not general since changes in the applied voltage also affect other processing parameters such as traveling time of the jet, which has the opposite effect on the fiber diameter [28] . Further, increasing applied voltage often enhances jet instability, which results in a broader distribution of the fiber diameter [2, 16, 25] . In the present work, the variation of the fiber diameter (larger for lower voltages) and average size distribution (larger for lower voltages) with applied electric field is quite modest (figure 3), being this parameter not particularly relevant for the preparation of the electrospun mats. It has been reported that smaller internal diameters reduce the clogging as well as prevent the formation of beads on electrospun fibers and that this effect can be attributed to a lower exposure of the solution to the atmosphere during electrospinning [29] .
For P(VDF-TrFE) (figure 4) it is found that a decrease of the needle inner diameter has no strong influence on the fiber mean diameter, but results in a broader distribution of the fiber sizes. When the size of the droplet at the tip decreases, such as it is the case of the smaller needle inner diameter, the surface tension of the droplet increases and, for the same applied voltage, a larger Columb force is required to cause the jet initiation. As a result, the acceleration of the jet decreases, allowing more time for the solution to be stretched and elongated before it is collected in the ground metallic collector [1] . This leads to a broader distribution of the fiber diameter for small internal needle tips (figure 4).
The influence of the solution flow rate on fiber size and distribution was characterized keeping constant the applied voltage (25 kV) and needle inner diameter (0.5 mm) (figure 5). Feed rate will determine the amount of polymer solution available for electrospinning for a given voltage [1] . It is expected that increasing feed rates lead to an increase of the fiber diameter or to the presence of beads due to the larger volume of solution drawn away from the needle. The increase of drawn volume from the needle tip will promote an increase of the evaporation time of the solvent and therefore a larger polymer crystallization time, given origin to larger fiber diameters and broader size distribution. For the range of feed rates tested, no significant dependence of the fiber diameter was observed (figure 5).
Moreover, the optimum feed rate to stabilize the Taylor cone is 1 mL.h -1 for the applied voltage of 25 kV and travelling distance of 20 cm. Smaller diameters for the fibers were obtained also when compared to lower flow rates, meaning that under these conditions, the jet acceleration decreases allowing more time for the solution to be stretched and elongated before it was collected.
Flight time and electric field strength affect the electrospinning process and the resulting fiber morphology. Varying the distance between the needle tip and the ground collector will have a direct influence in both the flight time and electric field strength. The influence of the tip to collector distance in the nanofibers diameter and distribution is shown in figure 6 . .
In order to promote the formation of independent fibers, most of the solvent evaporation must occur during the travelling distance between the tip and the metallic ground collector. When the distance is reduced, the jet will have a shorter distance to travel and consequently the time available for solvent evaporation decreases. Moreover, the electric field strength increases at the same time and this will increase the acceleration of the jet to the collector. Figure 6 shows that well formed nanofibers were obtained for needle-collector distances larger than 10 cm and that the fiber diameter and distribution increases with increasing distance up to 20 cm. A decrease in the tip to ground collector distance has a similar effect than the increase of the applied voltage, leading to smaller fibers diameters.
The crystalline phase present in the electrospun P(VDF-TrFE) membranes was identified by differential scanning calorimetry (DSC) and Fourier Transformed infrared spectroscopy (FTIR). In the DSC thermograms (figure 7a) two peaks are observed: the one that occurs at the lower temperature corresponds to the ferroelectric-paraelectric transition (FE-PE, Curie transition) with maxima at ~ 117 ºC.
The higher DSC endotherm corresponds to the melting of the polymer and it is located at ~ 145 ºC. It can be observed that the electrospinning process does not affect polymer melting temperature but a small increase in the FE-PE transition temperature was observed for samples processed with applied voltages higher than 25kV, which is possibly related to the electric poling effect promoted by the electrospinning technique that tends do orient the polymer dipoles in the direction of the applied electric field [3] .
P(VDF-TrFE) is a semicrystalline polymer that crystallizes in the electroactive phase. FTIR spectra of electrospun samples show that the crystallization of the polymer occurs in the ferroelectric phase ( figure   7b ) due to the presence of the absorption band at 840 cm -1 , characteristic of this phase and the absence of absorption modes of the -phase of PVDF that occur at 855, 795 and 766 cm -1 ) or -phase (833, 812 and P(VDF-TrFE) is therefore obtained by electrospinning in the electroactive phase, showing a large potential for biomedical and tissue engineering applications, especially for bone repair [30] , nerve guidance [31, 32] or even cochlea reconstruction [33] .
The electrospinning process uses many times toxic solvents that could eventually prevents the use of the membranes in biomedical applications. MTT tests were used to characterize proliferation and viability of cells on P(VDF-TrFE) as-spun fiber membranes throughout 2 days of culture. The absorbance (A) was measured at 570 nm for all the samples (figure 8). It was observed that electrospun fiber mats prepared under the above described method and conditions do not inhibit the adhesion of cells for the 2 days. 
Conclusions
Poly(vinylidene fluoride-trifluoethylene) electrospun fiber mats with fiber diameters in the range 400 to 500 nm have been obtained from a DMF and MEK solvent solution. The inclusion of MEK to the solvent system promotes a faster solvent evaporation and allows complete polymer crystallization during the jet travelling between the tip and the grounded collector, avoiding the presence of beads in the fiber mats.
The influence of applied voltage, flow rate and needle inner diameter on the average fiber diameter and fiber diameter was investigated. Whereas applied voltage and needle diameter have no strong influence on fiber diameter, a larger dependence is obtained by varying flow rate. Also the fiber diameter increases by increasing the distance from the tip to ground collector..
The polymer crystalline phase and its thermal features are not affected by the processing conditions. MC-3T3-E1cell adhesion was not inhibited by the fiber mats preparation, indicating the suitability of the material for biomedical applications.
